Recent literature suggests that 2D and 3D anthropometric measures are better predictors of sports performance, than traditional 1D measures. The emergence of 3D scanning systems offers a cheap, easy and effective method of estimating these measures. Therefore the aim of this study was to investigate the repeatability of a depth camera based 3D scanning system, and its agreement with manual methods in the extraction of simple thigh measurements. Using 15 healthy, recreationally active male participants, five measurements of the thigh (upper thigh circumference, mid-thigh circumference, knee circumference, knee to mid-thigh length and mid-thigh to upper thigh length) were taken using an anthropometric tape measure and digital callipers, and scanned using a 4-camera Kinect based 3D scanning system (using custom analysis software). Agreement and repeatability was subsequently determined. This study demonstrated a low cost Kinect-based 3D scanning system is capable of extracting length and circumference measures within ~2% and ~3-4%, respectively, with high repeatability, technical error measurements (TEM) of ~1.80% and ~0.7% respectively. The 3D scanning system was able to measure the thigh in good agreement with manual measurement methods, with the presence of systematic bias in circumference. Whilst maintaining a very high degree of repeatability, suggesting it is a suitable method to extract simple thigh measurements.
Introduction

General
Anthropometry is the measurement of the human body to determine its average dimensions, and the proportion of its parts, at different ages and in different races or classes [1] . Various studies have extracted anthropometric measures within sport. Although optimal body dimensions are not the only components necessary for an athlete to excel [2, 3, 4] , many believe it to be an important prerequisite [5, 6] . The discipline investigating the relationship between anthropometry and sporting performance/movement is termed kinanthropometry [7] . Stewart (2010) [8] suggests kinanthropometry to be the scientific discipline, while anthropometry is a toolbox and skill set. Kinanthropometry assessments are used to improve training practices, identify talent and to assist in understanding the relationship between body size and sports performance [7, 8] .
Kinanthropometry encompasses one-dimensional (1D), two-dimensional (2D) and three-dimensional (3D) anthropometric measures in addition to body segment inertia parameters (BSIP). Recent literature suggests that more complex 2D and 3D anthropometric measures might be better predictors of performance [9] , capable of identifying changes in body size and shape, that may otherwise be unnoticeable [10, 11] . However, the vast majority of literature focuses on the extraction of simple anthropometric measures (height, weight and 1D measures such as segment length and segment girths). A lack of awareness of such measures/ research, and difficulties in extracting such measures are the only justifications for their sparse usage [12] , as no study has demonstrated complex anthropometric measures to be unrelated to performance.
The emergence of depth camera scanning systems offer a cheaper, easier and more efficient method of estimating 2D and 3D anthropometric measures and BSIPs [13, 14, 15, 16] . A scanning system allows the collection of kinanthropometry data quickly, reducing the interference with training and performance time. Scanning systems also provide the opportunity to conduct large population studies encompassing all sub-disciplines, distances and performance standards (including elite athletes), rarely examined within the literature [2] . Additionally, Mclean and Parker (1989) [17] suggested athlete kinanthropometry profiles adapt in reaction to rule changes and sport structure, a scanning system would allow such changes to be easily monitored. Additionally, these systems might also improve the reliability and accuracy of body segment inertial parameters as fewer assumptions are made than traditional measurement techniques. *a.bullas@shu.ac.uk, +44 (0)114 225 5867, http://www.shu.ac.uk/research/cser/ 5th International Conference on 3D Body Scanning Technologies, Lugano, Switzerland, 21-22 October 2014
Kinanthropometry & Cycling
Cycling is a sport in which performance is influenced by the static and dynamic properties of the legs, which is influenced by muscle volume [18, 19] , and thereby potentially also influenced by segment size [20] . This suggests that anthropometric measures may be associated with performance. Cycling is a closed sport, in which the contribution of body shape to performance is greater [2] and it is a sport that utilises anthropometric measures are used in monitoring training, performance and talent identification [2, 3, 21] .
Current kinanthropometry and cycling literature fails to present a coherent view, and predominantly uses simple anthropometric measures [22, 23, 24, 25] . For example, Knechtle et al., (2009) [26] demonstrated a moderate association of anthropometry with the performance of ultra endurance road cyclists, but not with training volume. Yet, Knechtle et al., (2011) [27] revealed training volume, not anthropometry, was related to performance of ultra endurance mountain cyclists. It is suggested that 2D and 3D measures may be able to detect subtle changes that are not noticeable by simple measures. For example, Rønnestad et al. (2009) [11] demonstrated thigh strength training improved cycling performance, which correlated with increased thigh muscle cross sectional area (CSA). If only 1D measures (such as thigh circumference) had been taken, no changes in anthropometry would have been apparent. Subsequently, this could cause increases in strength to be incorrectly associated with other factors, such as neurological adaptations. The low sensitivity of simple anthropometric measures might be another reason for the contradictory findings in the literature regarding the relationship between anthropometry and cycling performance. Further investigation and extraction of 2D and 3D measures might provide clarity on the kinanthropometry of cycling, as it has done for other sports. For example, Schranz et al., (2012) [9] demonstrated whole body volume and surface area were the most important predictors of rowing ergometer performance; demonstrating greater importance than traditional predictors of rowing performance: mass, leg length and standing height. However, to use a scanning system in cycling applications, the agreement of the system with traditional methods and its repeatability must first be established. The aim of this study was to investigate the repeatability of a depth camera based three-dimensional scanning system and its agreement with manual methods in the extraction of thigh measurements: thereby determining the suitability of the system to extract simple thigh measures.
Methods
Participants
Through convenience sampling, 15 healthy, recreationally active male volunteers participated in the study (aged 22 ± 2.5years, height 1.81 ± 0.06m, weight 77.90 ± 10.88kg). Participants were required to be male, over the age of 18 years and able to stand unaided -as all measures were conducted standing. All participants were screened to determine their suitability for participation and required to provide written informed consent. They attended one testing session lasting approximately 60 minutes. All procedures were approved by Sheffield Hallam Ethics Committee.
Body Measurement
This study was a within participant cross over design, in which all participants were measured manually and by the scanning system. A total of five anthropometric measurements of the right leg (Table 1) were taken -chosen because they are traditionally used to determine size of the thigh [9, 11, 28, 29] . Each measure was taken three times for each measurement method, and the mean recorded. The anthropometric measurements were chosen. Additionally only the right leg was measured to ensure consistency in current manual method protocols [30] .
Manual Method
Manual measurements were included as they are the most commonly used anthropometry technique. All manual measurements were taken following the fundamental principles of ISAK (International Society for the Advancement of Kinanthropometry), by a level one accredited ISAK examiner. Not all measures extracted were ISAK standard, and those that were fell outside the remit of a level one examiner; however, the experience of the examiner assisted in the general reliability and repeatability of the measures. Upon arrival, the stature and mass of each participant was measured using a Leicester height stadiometer and digital scales. Each participant had a number of anatomical bony locations palpated and marked on the skin using a coloured eye liner pencil, as detailed in Table 1 , to be used as reference points during measurement. All circumference and lengths were measured using a basic anthropometric tape measure (Lufkin Executive Thinline 2m, W606PM) and metal digital callipers (Mitutoyo, Japan) respectively. Circumference of the Upper-thigh at 1cm distal to the gluteal fold site -perpendicular to the long axis [30] .
Gluteal fold.
Mid-thigh circumference.
Circumference of the upper-thigh about the point equidistant from Trochanterion and Tibiale Laterale [30] .
Trochanterion. Tibiale Laterale.
Knee circumference.
Circumference of the knee at the midpoint of the posterior superior border of the patella [30] .
Posterior superior patella border.
Upper-thigh to mid-thigh length.
The vertical distance between upper-thigh to mid-thigh.
Upper-thigh marker. Mid -thigh marker.
Mid-thigh to knee length.
The vertical distance between mid-thigh to knee. Mid-thigh marker. Knee marker.
Scanning Method
The scanning system consisted of four Microsoft Kinect sensors (Microsoft Cooperation, Redmond, USA), vertically mounted on tripods, approximately 1.28m above the ground, at each corner of a 1.44m x 1.44m area (Figure 1a, 1b ). This created a central capture and calibration volume of 0.4m x 0.4m x 1.1m. The system set up was based on previous studies, to ensure the optimum compromise between the number of Kinects and the field of view [15] . To avoid distortion of the depth data, each Kinect was individually calibrated before use, using the method demonstrated in Clarkson et al., 2013 [16] . The scanning system was selected because of its ease of use, low price, portability, and use in previous studies [15, 16, 31] . KinAnthroScan, custom software created in house using Microsoft Kinect software development kit (Microsoft Corporation, Redmond, USA), enabled the calibration of the capture area and the extraction of 3D and colour data simultaneously, in scans lasting approximately 1.5 seconds. The software calibration procedure followed that detailed in previous studies using this system [15, 16, 31] : a single scan was taken of the calibration object (4 polystyrene spheres connected by a narrow metal pole) in nine different positions within the calibration volume. The inbuilt calibration procedure identified the sphere centres using Hough transformations and a 3D minimisation technique [15] . These locations were then used to calculate the transformation matrices through rigid body transformations and RANSAC optimisations. Full calibration was conducted at the start of each testing day.
To ensure marker points were visible, coloured self-adhesive circular markers (10mm in diameter) were placed on top of the pencil marker points applied during the manual measurement protocol. To raise the thigh into the calibration volume, avoid occlusion by or measurement of additional limbs, and to ensure analysis of only the relevant points clusters, participants were asked to stand on a raised platform with their left leg lifted and placed on a solid box, placing the knee at ~90° (Figure 1c ), similar to Webster et al., 2013 [34] . The raised platform was necessary to place the thigh in the calibration 1.28m 1.44m
1.44m
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area, as the equipment set-up was fixed, as it was part of a larger data collection study. To assist in the reduction of postural sway, participants were asked to focus on a marker on the wall and provided with a tripod to touch with their left hand [32, 33] . Participants were reminded to keep the supporting right leg as relaxed as possible to mirror the standing position of manual measures.
A total of four scans were taken of each participant: a practice scan, used to familiarise the participant with the protocol and allow a visual check of the scan position, and three data collection scans, used to extract the five anthropometric measurements. Between scans participants were allowed a small break of ~ 30 -60 seconds, during which participants were required to remain standing and correct their position if necessary. Following the completion of the scans, visual checks were conducted for misaligned data points. Each scan was manually digitised by a single researcher within the KinAnthroScan software and analysis automatically conducted using the same method as previous studies [16] . Assuming the thigh lay perpendicular to the scanning system's global coordinate frame, circumference of the segment was automatically calculated at 2mm intervals, producing analysis of thigh circumference over the length of the segment. In addition to producing the length between the digitised points.
Analysis
The calculation of mean differences, absolute and percentage, Interclass Correlation Coefficient (Pearson's Product-Moment Correlation Coefficient) and statistical difference (paired T-test), was used to determine any differences between the two measurement methods. To investigate any differences further, determining the type of error present, Bland-Altman plots were created, -alongside the calculation of limits of agreement (LOA) -in addition to Ordinary Least Products Regression (OLP). Technical error of measurement (TEM), absolute and percentage were calculated to determine the repeatability of each measurement method, because of its prevalence when investigating the repeatability manual methods. Microsoft Excel (2010, Microsoft Corporation, USA), MATLAB (version 13.0b, Mathsworks, USA) and SPSS software (version 21.0, IBM, USA) were used to perform this battery of analysis tests.
Results
Irrespective of the strong positive correlations demonstrated between the two measurement methods, circumference measures exhibited weaker agreement than length measures. All circumference measures demonstrated statistically significant differences between measurement methods (p<0.05), large means differences (4.43 -2.84%) and wide limits of agreement (Table 2) . The Bland-Altman plots and the LOA in Figure 2 , suggest the type of error demonstrated by the circumference measures to be predominantly systematic, demonstrating good agreement between measurement methods in length measures. 
x = mean (cm), y= mean difference (cm).
Although the 95% CI of the OLP analysis lie around 1 and 0, for the intercept (a') and slope (b') 95% CI respectively, the wide 95% CI of intercept (a') ( Table 3) , suggest the differences demonstrated between measurement methods in circumferences measures is the result of fixed bias. This is reinforced by the OLP plots presented in Figure 3 . The repeatability of both measurement methods appears to be high throughout all anthropometric measurements, demonstrating TEM <0.7% and <1.5% for circumferences and lengths, respectively (Table 4) . 
Discussion
Current literature has demonstrated 3D scanning systems are capable of producing repeatable measurements, in close agreement with manual methods [28, 35, 36] . This study has replicated these findings, demonstrating a low cost Kinect-based 3D scanning system is capable of extracting length and circumference measures within ~2% and ~3-4% of manual measurements, respectively, with high repeatability, ~1.80% and ~0.7% respectively. However, all circumference measures did demonstrate statistically significant differences. Following further investigation, using Bland-Altman plots, the differences appear to be systematic and random due to the wide LOA. However, the systematic and fixed properties of the data appear more confidently demonstrated, OLP analysis that suggests the error to be predominantly fixed and the OLP plots present the majority of data points to lie systematically above the line of identity. Because comparison was only made against manual measurement and not a gold standard it is unclear which method is the cause of the bias. Fixed systematic bias between 3D scanning and manual measurements of circumference is common [16] . Although using a different scanning system, TC 2 , Zwane et al. (2010) [35] found manual measurements of the body were generally lower than scan measurements, attributing it to the compression of soft tissues during manual measurements. However, literature that focuses on the agreement in length measurements appears to demonstrate greater bias than this study whilst maintaining similar mean differences [37, 38, 39] .
Investigation into the repeatability of the measurement methods demonstrated minor, statistically nonsignificant, differences of 0.7% and 1.8%, for thigh circumferences and lengths respectively. All circumference measurement taken by the scanning system fall within the ISAK standards, intraexaminer TEM <1.0% for all measures taken by level 2-4 anthropometrists [40] , emphasizing the suitability of the scanning method. However, the TEM recorded for length measurements are greaterfor both manual and 3D scanning measurement methods -the reasons for this are unclear.
Although this study was designed to limit potential sources of error, there are several common methodological limitations: the small sample size, the use of only male participants and the use of the most commonly used method opposed to a gold standard. In addition there are several additional potential sources of error that need to be acknowledged and considered in future investigations. All anthropometric measures were taken standing, with the left leg raised during the scanning protocol to avoid obscuring the right leg. It is possible that the adjustments in position required to maintain balance altered the dimensions of the thigh and the gluteal fold (thereby the upper-thigh anatomical landmark), as well as placing the leg at an angle not perpendicular to the horizontal plane of the global coordinate system, resulting in the extraction of mis-aligned slices and larger circumferences. Although precautions were taken to reduce the postural sway of participants and all scans were visually inspected to check for misalignment, the increased postural sway caused by balancing on one leg may have increased errors in the scan measurement. Additionally, movement of the markers could be a potential source of error. The coloured markers applied for scanning were applied on top of the shorts, and although alignment with the pencil skin marker points was checked, movement could have occurred between scans, resulting in measurement of the incorrect circumference.
Manual measurement using a tape measure is also associated with potential error sources, such as skin compression during measurement [41] . However, a major source of error between the manual measurements and a scanning system is that a tape measure does not directly measure complete skin circumference as the tape does not follow all contours of the segment, skimming over any dimples or indentations [28] . Whereas the scanning, method follows the exact surface distancepotentially explaining the overestimation.
Conclusion
This study demonstrates that a depth camera-based 3D scanning system shows good agreement with manual measurements, accompanied by small systematic error. The 3D scanning system also demonstrated very good repeatability, with TEM less than the ISAK standard of 1.0%.
